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ABSTRACT

The vaporization process of the compounds of Zn, Cd, Hg with S, So,

Te has been studied by mass spectr try. The heat of decomposition

of all these compounds to s(g)+1/2 X2(g) has been measured by mass

loss Knudsen technique. The data are compared to literature data.

Heats of atomization of these compounds are compared to isostrle com-

pounds and upper limits for the dissociation energies of the gaseous

molecules are given.

This technical docuentary report has been reviewed and is approved.

Chief, Ceramcs and Graphite Branch
Metals and Ceramics Division
Air Force Materials laboratory
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The vaporization process of the nine compounds of Zn,

Cd and Hg with S, Se and Te has been investigated by mass

- spectrometry. The typical process is the decomposition into

3 gaseous metal atoms and diatomic group VIb rolecule3. Small

amounts of polymeric species of sulfur were observed in the

vapor above HgS and considerable amounts of polymeric selenin

molecules above TIZSa ; !IgTe yields {;(gas) and solid Te. -No

-. ,seous I!bVIb molecules were om.erved : their concentration
lies ",elow I p~rt in 10 3 to 105 . Estimttes of dissociation

j, energies are made and the possibility of observing& these mole-

cules is discussed. - Decomposition piressures of all nine com-

pounds were mea3ured by the Knudsen method and corresponding

5enthalpy and entiopy data deduced 9nd compared to literature

uata. - The heat of vaporization of lead has been remeasured.

The heats of atomization of the 1b- VIb compounds are compared

ta those of isosteric compounds and elements and the trends

rire dtscussed.
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using Cp(sph)=1?.16+1.24x10-3T-1.36x1O5T
- 2(39 , 2 7) 37

Fig. 2. Vaporization (CdS); K = p2 (Cd)p(S2 ) (see table 7).

Data of Pogorelyi(1)) * 0, Spandau(17) 0 , Veselovskii(15) X

: siao ( 16 )-- -- , this paper 0 . Least squares second law va-

lue Ai 00 0=157.6 and o40 =163.6 kcal (including Spandau), usinglue uioO=15.6 ad A298=

Cp(UdS) = 12.90 0.01-T ( 9 4 )  38

Fig. 3. Vaporization of[ZnSe]; X = p2(Zn)p(Se2); orifice area

1.57xi0 - 2 cm2 for T<1100°K, 1.07x10- 3 cm- 2 for T>11000K. Least

sluares yieldA1 08 4 = 169.4+6.5 kcal, S 0  88.5 a.u.; using
108 '= 1084 kcl

':.(Zn3e)=11.99 + 1.38x10 3 T, AH 9 8  175 kcal. 0

our data ; -.- Korneeva et al.(42) .. eten ( 4 4 )  39

'7;. 4. Vaporization I"dSe); K = p2 (Cd)p(Se2 ); orifice area

1.57x10- 2 cm? for T,.)600K; 2.41xIO - 3 cm2 for T>9600 K. Least

s2uares yieldi AH 63 = 147.9 kcal, So65  92.8 e.u.; using

Cp('>i3e) = 11.91+1.5xl0-3T :AH'8 152.6. Our data 0

Korneeva et al. ( 4 3 )  ; Somorjai ( 4 9 ) 0

Nbten(44 )  
40
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Fig. 5. Vaporization of (ZnTe) ; X = p2(Zn)p(Te2); orifice area

1.57x1O - 2 cm- 2 for T<9700K; 1.07xi0 3 cm-2 for T>90 0 K. Least

squares yield Al 0 = 86.2 e.u., including dataA970 = 147.2, S 970=

of McAteer and Seltz(46), 149.6 kcal, S 70  88.5 e.u.; using

Cp[ZnTe) = ll.89+1.73x10- 3T, A 98 = 151.8 or 154.2 kcal.

Our data * , Korneeva(42) ; :.cAteer and Seltz(4--5 )  4

Fi6 . 6. Vaporization of (CdTe]; K = p2(Cd)p(Te2); orifice area

1.57xio - 2 forT<9OO0 K; 1.07xi0 - 3 cm- 2 for T>9000K. Least squares

yield = 134.0, S4 = F6.4 e.u.; using Cp=11.79+2.06xIO 3T,

all .9=140.7 kcal; including data of McAteer and Seltz (4 6 )

298
.0 (47)_ _ (4 2)_

AlI74=132.5 kcal; Lorenz (4 7 ) ;- orneeva ) -.- ;our data* 42

Fig. 7. Vaporization of (HgTe); 7 = pWi1g) ; orifice area

1. 57x1O- 2 cm2 for T50; 2.41xio - 3 cm" for T>50 0 °T. Least squares

yieldA 3 26.8, 3=31.2 e.u.; using Cp=28 4 ej= 10 .45+ 5 .9 x 10- 3T ,

., o:.6 kcal,498 . .

Pi.. S. tlMts of atvmizatilon (eqn.12) in kcal per gran atom for
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INTRODUCTION

In the last decade vaporization studies, using mainly

mass spectrometric techniques, have demonstrated the comple-

xity of numerous inorganic vapors(  (2 . The vapors of group

(3IV elements, for instance, contain polymeric species and

it was expected that isoelectronic or isosteric'% IIIbVb

and IIb-VIb (  ) compounds form gaseous and perhaps polymeric -.

molecules especially as some corresponding Ib-VIIb compounds

(4)are known to form trimers in the gas phase 4 . Also the IV-VI

compounds, isosteric to broup V elements form polymeric mole-

cules (5 ). Previous mass spectrometric studies (6 7 ) have shown

however that IIIb-Vb compounds.vaporize mainly according to

[ - [A1  ( B2 [A]B 4  ()

where A is a group IIb and B a group Vb element. (Here and

throughout this paper square brackets are used for the

condensed phase, without distinction between solid and liquid
g

state). The only gaseous molecules of this group as yet des-

inInSb Mass spectrometric work from

() Isoelectronic molecules contain the same number of
electrons e.g. Ge , GaAs, ZnSe; isOsteric molecules con-
tain the same number of outer elentrons even though the
total number of eleotrons-s -different e.g. Ge2, AlSb,
InP, CdS, MgTe.

( ) The classification in subgroups a and b as given by
Pauling (The Nature of the Chemical Bond, ?d ed. Cornell
University Press 1960, p.54) is used here.
Yanuscript relesaed by Authors 12 August 1963 for publication as a
WADD Technical Documentary Report.
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1.

this laboratory' has shown that also II (Me)-VI (X) compounds

decompose on vaporization. -The general process in however

C..eT3 Ne+I/2X2  (2)

as further confirmed by recent data for ZnS, CdS and HgS( 9 ) .

A survey of existing data on vaporization of these

compounds obtained by conventional manometric, transport or

(Inudsen method leads to two conclusions

a) some data(10- 14) are presented assuming eqn.(2),

others are based on the assumption of molecular vaporization(15 - )
("eX] 4i' YeX (3)

the justification of the choice in the earlier literature being

rather incomplete as will be discussed below.

b) the ,iata recalculated according to the correct

vaporization proce3s show in quite a numbe" of cases considera-

ble discrepancies; finally most papers treat the vaporization

of a small number :f compounds or even of a single compound.

We have therefore studied the vaporization of all nine

compounds of Zn, ".d and Hg with S, Se and Te and have used mass

spectrometric ana-lysis of the vapors and have confirmed the

general applicability of the vaporization eqn.(2). In no case

could eqn.(3) be observed, therefore only an upper limit of the

dissociation energies of gaseous V'eX compounds can be !iver."

Next the decomposition pressures of all nine compounds have been

measured by the conventional tnudqen technique without mass se-

riration and the corresponding thermodynamic properties have

2
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been obtained. They will be presented and discussed in a com-

prehensive way.

Finally, the partial pressure at a given temperature -

of B2 , B4 , X2 given by the equilibria (1) and (2) beinZ lower

than the vapor pressure ineiuilibrium with condensed I or X new

data could be obtained on enuilibria with species 3n or Xn(

EXPEMRI.ENTAL.

1. 'ass Spectrometric Technique.

The main features of the 600 20 ,m radius of curvature

mass spectrometer and of the experimental proc2edure have been

described previously (6 )  Vaporization was rerformed from small

graphite crucibles in a molybdenum furnace heated by a tunesten

spiral. The crucible was located at about 10 mm from the ioni-

zing electron beam. Some experiments were performed using

quartz Knudsen cells and a secondary electron multiplier. Spe-

cial care was taken in locating in the furnace the 0.1 to 0.05 mm

diameter Pt-Pt/10" Rh - thermocouple wires insulated with tiny

quartz tubes, in such a way as to minimize errors due to over-

heating from the tungsten spiral or heat loss through the ther-

mocouple leads. ?requent temperature checks were performed by

comparison with a Leeds and Northrup disappearing filament opti-
I.

cal pyrometer in the temperature range above IO00K and by mea-

suring in situ the melting point of Se (4900) ani Ag (1234 0K),

3
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usin,; the method of Johnson et al19 ) .?

Samples of one to several tenths of a -r. were loaded

-in the crucible or in the Knudsen cell. The mass spectrometer

-was evacuated and the crucible heated slowly maintaining the

background pressure a- or below 5.10 - 7 tnthig. The mass spectrum

was then scanned and ionic species originating from the vapo-

rizing substance as well as poss7ble impurities identified at

different temperatures. In a number of runs with ZnS, accura-

tely weighed amounts were completely vaporized in order to mea-

sure the sensitivity of the mass spectrometer and the absolute

value of the decomposition Dressere(20)

2. Knudsen Te-hnique.

Quartz Knudsen cells of about 1 cm volume were used.

The effusion area was measured within about 10 % with a micros-

cope and on magnified photographs. The wall thickness was mea-

sured on several Knudsen cells which were broken for this pur-

pose after use. The areas and corrections for wall thickness

are discussed below. The cells were inserted in a stainless

steel oven, heated by radiation from a W ribbon and provided

nith radiation shields. Temperature measurements were perfor-

med as in the mass spectrometer technique. After about five

runs new ther-%acouple wires were inserted in order to avoid

use of wires deteriorated by the vapors. The shielded oven

was placed in a stainless steel vacuum housing pumped through

4



I

a liquid air trap by a 100 liter sec - 
TTg vapor diffusion

pump. Opposite the effusion orifice a liquid air trap ser-

ved for condensing the effusing vapor. The backrg-round pres-
sure was kept below 10-5 inig, frequently below 1 -6 Mm.

Samples of 1 to 2 grs of crushed crystals'were wei-

ghed to about 0.01 mg; after obtaining the adequate residual

pressure, the oven was heated rapidly to the desired tempe-

rature maintained within 1 to 20 at constant temperature for

the required time and cooled rapidly by cutting the power

supply and the residue weighed again. Heating and cooling&

times were controlled ; from total weight loss a"preliminary

graph" log p vs. 1/T was obtained, where T is the constant

temperature of the experiment. This permits one to calculate

the amount vaporized during the heating and cooling period

and to obtain the weight loss at the constant temperature and

a "correction" for the vapor pressure value. This correction

was not significant however as checked for every experiment,

and shown as an example in table 5 (col.(a) and (b)).

3. 4aterials.

High purity crystals kindly spplied by

Dr. Van Kaekenberghe (E.R.A., Brussels) (CdS Cd3e)

Dr. P. Newman (Philips Eindhoven) (ZnS, ZnTe),Dr. W. Lawson

(Royal Radar Institute) (CdTe HgTe) and commercial sar ples

(ZnS, Fluka ; HS liopkins and Williams) purified by sublima-

5
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tion under high vacuum were used. The purity was checked by

mass spectrzmtrie analysis.

CALCULATIONS.

Knudsen evaporation permits one to calculate the pres-

sure of a vaporizing species i

Pi = Zi(21 k Tmi) 1/2/st (4)

where Zi is the number of molecules of species i effusing in

time t, mi the mass of these molecules and s the "effective*

orifice area ; the other symbols have their usual meaning. For

* the simple vaporization process given as ndL1 in Table 1, the

corresponding formula for weight loss Gi is given; the pressure

in atmospheres in then obtained from

Pi = 2.256x10-2Gi (T/Mi)1/2/t. (5)

G in grs, V in a.m.u., t in sec and a in cm2. Throughout

this paper pressures will be given in atmospheres.

For congruent vaporization according to n&2 and 3 in

*Table I

2Z(X 2 ) + Z(X) . Z(Ye) (6)

end
G = G(Me) + G(X2 ) + G(X) Z(Ye).m(MeX).(7)

* One obtains thus the equations for p(Me), p(X2), p(X) and K

given in Table 1.

6
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Heats of reaction were calculated using the third

law method
uO , 0 .TO

-RT ln T = xy' + TA( -".O

in cases in which tree energy functions, (3o .,)/T, were

available and a comparison was made with the second L.w value

0 d 1n7 (9

The latter values were also used when data on entropies seemed

insufficient and entropies were then estimated by insertin-'-"

in eqn.(P).

For minor species it is of interest to introduce Ra

free energy change, the chemical stability , -a measure o.f

the relative concentration of these species corrpare2 t,) a n:,j)r

species. Two cases are cf interest here

a) the chenical stability of 'eo X molecules which re-

3ults from combining eqn.(2) and (3)

,'eX 1,/3('#.X) + 2/3:'e + 1/3X2 (10)

is given by 
( 2 1b)

-lTlnP(X 2)/r.("eX)

= tD3('')" "!'(at.:-".)- 1/3 £D()" ' (at.YpeXj
,0 0 0-O 0

, T o + 1/3Tl )/,(x 2  i)

The last term results from the Vnud-en equation and the ztcicvio-

metry of eqn.(?), :'( ) ore t}'e -nases of species in ( ); te

difference of free enery function A(,,T- o,1 ,/ refers to the

stoichiometry of eqn.(10) ; D is the digsocietion energy ; the

7
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;It of atoi7-tiinaH(at.MeX) coresronds to

1/2['eXJ 1/2.'e + 1/7x (12)

The free energy fanctions are knowrn or can he estimated as

.i3-i2sed below; D,(Z ) have been Tesured previously(1e) and

ATTO[at.YeK) are obtained fro-, +he heats of decoMpos-  )r r es-

sured here and correspondin6 to eqn.(2).

b) the chemical stability of different species of

r.roup VIb elements Xn, with n=1, 3 ... , results froa the e-ui-
b n

! ibrium

n-? An- n+3)
-T -.e + = 9'

and the corresrondin.- free energy change (for p(Xn<D(X2 ))

-RTlnp(. 2)p/(Xn)

=J& T)( a t. )-(n-1 ) A H°(at.7-eX n+-1 DO (X2)- HO(at.MeX)

+T." n-2 in 4*M(!'Me)/M(X 2 ) 1/2 (14)• + T A~t JT- .o -7 TI

The symbols have the same sibnificance as in eqn.(11) and

&:i'(at.Xn) correiponds to

Xn e nX (15)

RESULTS.

1. Mode of evaporation of the II -VI compounds.

-------------------------------

For all Zn and Cd compounds ions Me+, X2 + znd X+ were

observed, the intensity ratios being constant at different

temperatures and during complete evaporation of the aauiples. The

i"8
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observed intensity of X+ is readily explained as fragmentation

of X2 by electron impact.

The ion intensities (I+) of x + and 7fe + are related
to Partial pressures (pi) and ionization cross segtions ()

by ++b = kPi- i  (15a)

k is a constant depending on the geometry of the vaporization

cell with respect t:, the mass spectrometer as well. as on the

properties of this instrument(I) but in'ependent of msn.

Then thie stoic',ioretrJ (eqn.2) snd th, 7nudsen eluation (ecn.4)

yield

qO(X 2)/r( 'e) = (.(-+(X2 )./I (,e)) C,(e)/V.(Z))I!2 (15h)

.-(2)/6('e) values calculated from ratios of ion intensi-

ties, or inteir-ted ion intensities in the course of complete

vaorization are riyen in table 2. The values given by Otvos

-And 3tevenson (- for ionization cross sections of atoms permits

one to calculate ratiob of ionization cross sections of X2 mole-

cules to X atoms. The results given in column 4, Table 2, with

an estimated error of about 0.1 or 0.2 are well in line with

several recent ietermPin:tions of ratios of ionization cross
for

sections of about 1.5 ',o'-onuclear diatomic molecules compared

to atoms(23 '18 b).

All these data confirm vaporization eqn.(2) as well as

the fact that all these compounds have(24), within the experi-

mental accu-acy of a few per cent of the present me':surements,

[9



an exact stoichiometric composition.

For figS about 2-3Y, S3 and minor contributions of

ions up to S7 were observed. Eqn.(14) permits one, using7O

thermodynamic data quoted below and S 00($6) - 1 O e.u., to

calculate the heat of atomization AH2i0 0 (at.S 6) = 365 kcal

no correction was applied for ratios of ionization cross

sections. For the reaction

* 36  3S 2  (16)

A.100 = 62.9 kcal is found. It is estimated that errors

including the uncertainty in ionization cross sections,

amount to about 3-4 kcal. The agreement with the mass spec-

trometric results of Berkowitz and Varquart who obtain

63.3 kcal and with the value of 63.7 kcal obtained from

total pressure me'surements on sulfur vapor by 3raune, Peter

and Nevelling (25) is satisfactory.

A typical mass spectrum of the vapor from HgSe is gi-

ven in Table 3. he complexity of the vapor does not permit

one in this case to deduce enthalpy values corresponding to

a definite process from mass loss Knudsen measurements. From

the ratios of Se6,Se 2 ion intensities the enthalpy correspon-

* ding to eqn.(2) can be calculated; fragmentation by electron

impict was neglected and an equation similar to (14) was used.

The heat of reuctio corresponding to (16) and the necessary

entropy data are known(26)().e result isThe rsult 00SOO45kcal per
mole for

() The entropy of t'ESe) solid at 5000K wag estimated
"2,* e.u. by analogy with tCIeS)

1

%1
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eqn.(2) and the heat of formation from the elements

Af2 98 HgSe)=-14 kcal per mole. Table 3 shows also that, if

stoichiometry is exact, the ionization cross sections from

Se2 to Se6 vary scarcely more than by a factor of two; a more

accurate estimate is not possible with present data.

(HgTe) vaporizes according to

(TigTe) 1Hg + (Te) (17)

A careful search was made in each case for ions

which could originate from gaseous VeX molecules, but in no

case could any evidence for these be found. Therefore in

eqn.(11) only an upper limit of (X 2)/p(YeX) can be inserted

and an upper limit of D(YMeX) calculated. The results are tiven

in table 4. For Zn, Cd and R&,sulfides a recent investigation'- )

has succeeded in shifting the limit p(X 2 )/p( 'eX) to above 1'5
+ 4.

and to detect at this sensitivity limit S+ and $4 in the vapor
3

above (ZnS) and (CdS) as well as the species observed by us

above (HgS).

2. Decomposition pressures by Knudsen technique.

a) In order to test the pcrformance of the Knudsen

technique a set of experiments of the vaporization of lead were

performed (Table 5). It appears that the correction for tempe-

rature rise and fall is small; the Clausing factor is a maximum

estimate, therefore taking the average 4 {19.1 -- -46.7 kcal/g

S"... ....................... . 7 .... l........



atom may result in a negligible error due to this parameter.

A possible systematic error in temperature measurements

( ST = 30), in thesurface area (10) -is well 4s the scatter

of the experimental results leads to an estimated uncertainty

of + .5 kcal. The second law value, =-45.2,3 kcal,

yields AO9 = -47.7 in satisfactory agreement with the above

result. The systematic error is however as large as

2 ST/(T1 -T2 ) = 5- . The third law value is in excellent agree-

ment with the valueAH = -46.80 kcal chosen by Stull and

Sinke(26) and with the recent result of Aldred(23)

b) The results on the vaporization of the thr~e sul-

fides as treated by the third law method are given in tables 6,

7 and 8. In figs. 1 and 2,in Table 9 the second law treatment

of our results is included and all our data compared to litera-

ture.

In the figs. I and 2 and in table 9 effusion data

(12,14,15,16) and apparent vapor pressures(17) were converted

to decomposition eluilibrium constants corresponding to eqn.(2).

Also the equilibrium constants of reactions

2(ZnO) + (ZnS) 4 3Zn + SO2  (I)

studied by Okunev and Popovkina ( 38) and

(ZnS) + H2  H IS + Zn (19)

studied by Richards (1)(13) were converted to K = p2 (Zn).p(S 2 ).

12



Richards has also investigated the decomposition pressure of

ZnS by the transport method in a stream of N2 (II) and N 2+32(III)

giving the correct equilibrium constant.

For ZnS the vapor pressure measurements extend from

about 1000 to 1600 0K. Freeman ( 9 ) choses a Avf,298= -49.2+0.5

kcal using the same data as here; this small difference may be

due to a somewhat lifterent choice of free ener~y functions.

Table 6 shows a systematic difference of 0.7 kcal bet-

ween experiments n'1 to P. and 9 to 13. A comhined error of 55,

in meisuring the area of the two orifices explains the.main

difference.

Disagreeing results 6re those of Okiinev, kverbukh e,
al.(30) and of Neuhaus and Rettin ( 14) whose immediate purrose

wqs not the determination of the decomposition pressu- e or va-

por pressure of Zn3. Those of isiao and Schlechten(1O) dira-

6ree with accepted values by several powers of 13 also for mans

other substances even though the slope arees retsonably with

our data
"(Ed).

For 'dS, 3pandgu and IKlinberg's ( 1 7 ) datt rec,,Iulated

and ours fall on a very nice straizht line, which has pe"-itt~d

us to perform ,i lest s~uarea "nJ Tin trp.tment froui P50 to

145 00K. Thp conversinn to 29 oI" ,vis ude unii 3 from

Russel

A.rain the leoo'-oiitinn preusure9 iven by ";ethaus and

." - ". .. ' ' . .- . .. '.* * .: 7. -..", *' . .: .'.*L . . *"" " .. v . *.:".



Retting(14) are high, those of Fsiao and Schlechten(16) low.

Recalculation of the CdS + H2 equilibrium measured by Britzke

(41)and ',pustinskii leads to an equilibrium constant low by

many powers of ten.

For red ig3, the difference between the two sets of 9

data taken with an orifice area varying by about a factor of

15 (table R) is larger than in the case of ZnS and CIS. Never-

theless it scarcely lies outside experimental uncertainty. 9

c) The results for HgSe have been di'scussed above

(Teults i), the other selenides and tellurides were treeted

hy the second law method; they are presented in figs.3-7 and

table 10 and compared to literature data.

Specific heats have been Pstimated in all cases using
"tubaschewski'. .rocedure ( 2.c.(?7), rsi.e 1P3) i.e. a linear

increase from the value at 29PO," to the fir,-t transition point.

F.'r the tellurides )f Zn ind Cd the Te w?Te e juililprium

was che cked ; using ein.(13) at-.] (14) with n=1 one finds

X + 1/3( .eX) 1/3-4e + 2/3 X2  (20)

and
a-. 1lno~x i/p~Xj..- 2i"i(tY )- ~-

• , J.

+ 
JT  O )/ T  + 1/3RTln 4:.1(:e)/:(X 2 )JI/2 (21)

"or ^01Te the dissoci.ition of Te, increuse-,, with temperature;

it is however negligible ii) thi. *Amperature range investigated,

whereas for ZnTe abiut 4f of Te2 is dissociated independently

14

3-
* * * * * ** * . ** .* * * .. .. *

* . .*...*.* .*** . .**.*.o°**,



of temperature: the correction using eqn.no.3 of table I was

applied. From figs. 3-7 and table 10 it appears that our
data agree well with those of XorneevL(42) Ateer(45) and

(46) and

Lorenz(46) ; comparing the 9 compounds the results of Somorjai

seem to lie quite our of line. For ZnSe K3rneeva's data and .

for ZnSe and CdSe those of T'Usten disagree if a second law treat-

ment is used; a third law treatment with the entropy obtained

from our results reduces the disagreement considerably.

HgTe is treated according to l.b) table 1.

L.

15
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1. Th -ri:.axy object of thi.- researc ": t

.- I co',,iounds wich is well below that -ho t";) . tDu: VT

-a nd to ob erve t?.ui the dissoci,2Ut :n e'ii!ibra

.- ' X. In. .'In r to ucccnrlish this evcn ir t' o-- e e

2e.enides an; teliurides" it was nec e '±r' t- M.1oerheaot

v.:or innd to use the so-called double oven tschniiue. For

the stud, of the S - _ 2S euilibriun even this tp.M. -' ue w.

injufficient 3nd the much more refrctory sulfides of cal.cium,

trntium and burium had to be used (18a "  As to the complex

equilibria of polymeric .,roup VI species (eqn.15) some confir-

mation or earlier literature data have been obtain.d by

th- muss spectrometric method (see .also ref.9), which ap!ears

to be more direct but not quite easy to handle in suchcazes.

2. The mass spectrometric investigation of the varori-

zation of the nine compounds of Zn, ^d, 1 g with 3, Se end Te

hs pernitted us to settle the equilibrium vaporization process

or these compounds and thus to calculate heats of' decomposition

accor1in6 to e,,n.?. In all cases the concentration of gaseous

.'eX molecules ii below our detection limit (10 - 3 - I0- 5 ). In

some earlier work, the correct process had been assumed because

areaaured pressures and those calculated from eqn.2 and

16
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the r-iochemical data -were found to be in ren.

such proof's are however only valid if extreavely -ccu'- tt

data are ;availshle and even in that case their et it--

to the presence of minor srecies is very bsd. The iuI ~ ~~i somewhat better in trans~ort experiveratz (e.,;. r~1
The spectroscopic data m~ ust be ccnsidered f.s izvt'btV-l.

Fr-om t~ll 4, it aer th-:t evli =ol uule-- t1

relatively hi&, di:;-ocia_:tion ene'r.-& 7ziy ..ve a :c'cil

sta'hilit:', i.e. 'ePlative cnrcentratit.n. Fu~trter t:--Oir e-

tive cA'incentrratinn inci-eases with incre-vinn. te-mt-rature s

hqs been errhr,cized in recent vesrs in a numbecr *, .-- ~ .

4 irature suisIt ic: interestin. then to

m~ake an estimate usint-g eqn.11, of c'nnditions for obsperv4::.,

these molecules. It has "neen shc'wn re-ent1y' th-lI, .-

th hdissociation r-ner.:iec_ cf v--Iri-!ue :lcuc

differ cornaijeribly, the var.iation of' the rt tio

~~;IatA?/,:~-)it: fetirly P-mznIl, esecizt'Lly Ln --.e -u:.t(-1

cho)sen zroups of binatry cowpotzndz. "From table I. -in 11 '

finas the hithest value iK>1 .7 4or ZnTe; for Tn'.:, GL= 1 .

for 3ni, 4= 1.5 have been found("'). Assu'!.in. Li... .o' '-11 -

compounds investiLgated here an incre.-ie I'L i -3~ r.

te'Pperaturp -ind of' one or' two poviers of' ten in :

peit one to observe Zn~e and lJ~p; fPor 3 -olfiJP-4 tnd2l i

the temperature wiieof 15;)0-2C3^0T ind .r- i~-kr .r.e

17



atmosphere would be necessary. ?xperimental develop!nents are

maje now to test the case of the above mention,'d two molecles.

3. Table 3 shows, that the third law treatment of ex-

nerimenta . data hls peraitted one to obtain a very. satisfActorxy

,-,"eement on heats of" forma-ion of sulfides. It 4eems that the

£pro~sed v-lues are reliable within about 0.3 kcal. The compa-

rison of -nd an6 3rd law values in Table 9 as well as for the

c,.se of the vanorization of lead shows th--t ?nd law values may

be in error by about + 2 kcql: this apjiears also in table 10,

;hich shows even some stronger disagreements. It is however

estimated that the proposed values are reliable within +

kcal.

4. Necessarily the entropy values obtained from vapo-

riation data treated by the second law (table 10) are uncertain

within about 2 e.u. A monotonic increase from ZnSl to DigTe)
is exr eoted as well from an ionic model(48) as from a "covalent"

,11r.!s of tbh s:li13 (comparison nith i3osteric group 1V ele-

ments). For the li-ht I1b-VIb compounds, the meqsured entropy

values lie between those calculat~d by the two models; for

CMi-J, C-eS4. and tiTeJ the observed value is well below the

calculated value.

5. The ,uestion may arise whether some inconsistencies

in -.ec..osition pressure data are due to a low vaporization

Olef-Picient as suj.ested for Cd'.e by Somorjai9; also

?ickert birs found similar evidence in the case of AgeS.

is .• . - . .°.. . .



Our results on HgS (table 8) could also be explained on these

lines as well as the considerable discrepancy ob3erved alw2ys

. for the data of Hsiao and Schlechten(16) It is not conside-

. red however that the data presented here can be taken as a

proof for small values of vaporization coefficients.

In general many artefacts can lead to disagreeing

*. vapor pressure data and only careful direct measurements should

*be taken as proof for a low vaporization coefficient.

6. From heats of formation, heats of atomization

(table 11) are calculated. It is interesting to compare here

the isosteric groups IV-VI: III-V: Il-Vl and I-VII. It is

.. obvious from fig.8 that the heat of atomization decreases as

the elements forming the compound get further apart from the

center (group IV) of the isosteric series. Except for nrj

* and Cdq the IIb-VIb compounds form a minimum. Au, Cu and

" Ag present the same sequence as the heats of vaporization

of the elements and dissociation energies of diatomic inolecu-

les 2 1 ) and not the sequence of the periodic table: Cu, Ag,

* Au. The group IIIb-Vb compounds seem to follow mainly the

trend of group Vb elements. The same trend is observed for

[CdS]: CZnSe1 or CCdSe): E nTej but the Hg compounds have lower

values.

19
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TAMPE I. Relations between evaporated mass, vapor pressure

and equilibrium constant of vaporization.

or c) fo-ea --P '!eX

(Exampl.es Pb, lieTe)

2pi = (Gi/st)(2 Ut RT/V )/2 K(vap)

2. CveX] + :Ie + (1/2)X 2

(EOxamples ZnS, adS, ligS, ZnSe, "OdSe)

p(X) 1/2(G/st) £27tRT/4T(X 2)1/2 V(x2)~MX

*x(vap) P2 p(Ye).p(X 2) 1/2[G/stEA(%IeXUj3(21LRT)3/2d(Mle).M,(X 2)1/2

*3. MeX - Xe + (I-x) X + (x/2)X2

(Examples ZnTe), CdTe)

p(,Ze)=(G/st) P lRT/:4(e)21/2.M(,Te)/M(Y:eX)

if K' = p2(X)/p(X 2) is known

K 1(vap) P 2 (ye)p(X 2)and K 2 (vap)= p('4'I1e)p(X) is

calculated.
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i TAPIZE 2. Ion intensity ratios and relative

ionization cross sections for 70 eV

electrons.

:S2 /Zn 1.15 : 0.8 : 1.44

SS2/Cd : O.3 : 0.58 : 1.42

3 : 21, 0.68 : 0.47 : 1.45
* e . .

Se-/Cd 0.84 1.64

25i
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TABLE 3. Ion intensities in vapor above HgSe at 484 0K

Electron intensity 30 'pamp; energy 70 ev. Ion

accelerating field 1000 V. hitensities in scale |

divisions (approx. 10- 15 amp); sum of isotopic

peaks.

: : II

+ + +** ** +e S:Hg Se+  Se+  Se+ Se+ Se+ Se Se' Se :
e 2  3 4 5 6 7

:6140 162 800 262 536 660 4200 640 200

26

'I.. * *.*.%* I.



TABLE 4. Upper limits odssociation ener-ies of

lI-II I.moleculee.

: 06 I(.I.,z)/I(x 2  T°I OR(Xe X <

Zn$ n- 4.7 1270 48

ZnSe <-3 10O0 50

ZnTe <- 3.84 1OO

43 <- 3 1000 59

CdSe <-3 1000 4G

CdTe <- 3 1000 31

Hg3 - 3 500 53(*)

HgSe .- 3 500 39

HTe <-3 500 33

The necessary entropy and he-t 3:,'city data for

eqn.(11) were taken for the elements from ref.?6, for solid

compounds as given Ln the next section of thi,- paper; for

gaseous YeX: 1398 53.8+0.043 ,1(,'eX)- ?40/M!(eX) e.u.(27)

and Cp = 9 was taken.

The lower values of limits found recently reduce the

value for CdS by Rbout 10 and for H S by about 5 kcal.

27
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TABLE 5. Vaporization of lead.

T-K: G t :-log 10p :-log1  |o-
zrx0 3: : 298 .15

: ~~~~; T°K G cap op .,T,29
: : sec (a) "(b) [# i 9 a~a~ •

93: " (c) : (d) (e)"

913: 2.90 -410 5.710 5.727 : 24.94 " 46,700: 46,430'.

: 936: 3.70 : 3540 : 3.504 : 5.525 : 2/-.88 46,950: 46,670:

961:' 5.73 : 2790 : 5.205 : 5.?34 : 24.89 : 46,870: 46,530:

984: 5.65 : 1800 • 4.945 : 4o982 • 24.77 : 46,810: 46,510:

:1008:11.70 : 1820 : 4.722 : 4.752 : ?4.72 : 46,840: 46,540:* . S . . . . "

:1032:19.24 : 1800 : 4.474 : 4.500 : 24.67 : 46,710: 46,400:

A .9 : 46,810: 46,610:'298,15:

(a) Pressures in atmospheres eqn. 21 Table I.
The effusion area a = 1.60xi0-' cm?.

(b) The samo corrected for temperatures rise and fall using
the values of col.(a)

(c) ref.(26).

(d) Calculated by the third law method (eqn.8) from col.(b)
and (c).

(e) The same assuming a Clausin '.actor of 0.86 calculated
for the thickness of 0.05 cm of the effusion hole and
the resistance corresponding to the radiation shields.

(.
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TALE 6. Vaporization of ZnS.

TOK G(mgr) t(sec): log K :s.10 2 (cm2 ) --: :::: : :298:

1044 : 1.68 : 3600 : -17.539 : 1.57 : 190.0

:1063 :2.86 :3600: -16.835: :189.8

1077: 3.75 : 3800 : -1V.541 : : 190.7

1090: 5.48 : 3600 : -15.971 : : 190.0 :

1099 : 7.06 • 3600 : -15.651 : : 189.0

1117 : 5.66 : 1830 : -15.009 : : 189.5

1128 : 6.38 : 1800 : -14.847 : : 190.5

1146 : 10.77 : 1800 : -14.155 : : 189.7

1164 : P.00 : 1810 : -13.903 : 0.241 : 191.2

1180 : 3.29 : 1300 : -13.'51 : : 190.2

: 1199 : 4.56 : 1920 : -12.t'61 : " 191.1 :.

:1216 6 .32 : 1800 : -12.371 : " 190.6 :.j

S1233 : .2 1R00 -11.911 : " 1910.5 :

The third las value calculated using So98 [rn- 13 . P+ (I e.u

and C (sph) = ?.16+1.,4x10-3T-1.36,X105 ph-lerite is

transformed to wurt:zite at293 (t= 3.1 w930e have as-

sumed however thkt )ur zurrples wpe wilrtzite based on an obser-

vation of Mecrabe r..i h.tvtnv Je ised -ur samples in vacuum

at high temperature. Aq.auminC that our rmples t.re sphalerite

w.uld lead to .O = 119.3 'cal.

29
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:'TOK : (mgr) tsec log K s. ( ) 2 98

902 : 3.32 : 3600 : -17.2a.4 " 1.57 : 160.3
* ..*..,.

921 : 2.87 : 1J20 : -16.6-4 : : 160.9

940 : 4.85 : 1830 : -15.834 : : 160.8 :

941 : 6.20 : 1790 : -15.504 : : 159.5 :

'0 : 9.13 : 1990 : -15.126 : : 160.9 :

979 : 17.05 : 1800 : -14.1P2 : : 159.9 :

: 988 : 2.94 : 1200 : -14.05P : 0.241 : 160.5 :

100- : ,.15 : 2040 : -13.2P2 : : 160.5
:1 5 9.00 1990 -1 -. 764 10.3

4 S S " .t . ""

I15 7.50 1030 12- . . 10.5•

: 1 2 : 25.45 : 1640 : -11.44? : : 159.5

: . . * : 16C.4

Free enerpy function e3timated b Freem3n " -I

30
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TA.. 8. Vaporization of i S.

- . G(rn-:r) :t(sec) le Xo1 :S. 10(cm) A T:2..p
:---:

481 : 1.34 : 260 : -1.P.57 : 1.57 : 9.?6 :

4 0 : 2.01 -3250 :-18.314 8 .28* -1 .1. 2 '

: 439 : 4.58 : 3150 : -17.192 : -
* . . . :=

:;11: 9.07 :3620: -1'.460: . ".67 :

3 l.6 3260 : -15.372 :c.04
* . . . .. .

:34 : 3.93 : 2760 : -14.215 : 0.107 : F7.07 : --
* . . . . .* * 4" P7.5, 4.72 : 3510 : -13.674 :Y : .. "
* . . ."

;551: .54 : 3010: -12.733: : P.03
• * -. 9 .

'369 : 15.01 : -780 : -11.845 : .4 : -

:: :87.7

Free energy function estimated by Freeman(!29)9.

31
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I

-nr ht - for-nation of

2-, '!d and "- sulfi-es a-t- ?'9.15 0o

(1) This '~e- I 4[.S nudsen 3rd law

47.9 Knudsen 2nd law

H! 50.4 Mass spectr 3rd law

4P.1 Mass spectr 2nd law

(2) 4;e.ov1ii 49. 1(49.8) ;nudsen 2nd+3rd law

(3) Fo. ore.yi (13) 4,.14tt,.4) 7nudsen (excluding
2"results)

,.' -c-.abe 2  4.7.7(,7.)* :rnudsen

ichrds (13) 4.1 transport ZnS+R 2

iI -1.4(4:.3)* transport ZnS by N2

III 4F.8 transport ZnS byN2+S2

(5) Standau(17) 4('.7(49.3) "  transport

(7) Curlook ani

Ii deon(  47.0 ZnS + H2(r) Kapu~inski and

,., (31)
?, s, sun3v 4P.3 calorimetric

)3;'kolkin),  47.9 electromotive force
1:)) R:ossini et al. (33) 40.5

4P.5 unweighted mean

32
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F

K - TABLE 9. Continued

i ] {=dS)

(1) This paper 3Po o ')nudsen 3rd 29w

39.6 t nudsow 2nd law

(() Veselovslii 37.8 pnudsen*

(10) 7es5lvTr
(3) Ponorelgi (10) 37°3 Knudsen

(4) Spandau(17) 37.7 trans.ort

(5) kli(32) 34.0
0) ;alkolkinI

S(5) 'apustinski -und(31)
,"orshvnov 34 P calorimetry

(7) Rossini et al.0 3 )  34.5
| "-

3P.0 proposed value

f (HjS) red

(1) TMis raper 13.8 gnudsen 3rd law

(2) Rinse ) 14.0 .'anometric

".- (3) Treqdwell ( 35 )  14.fl Transport and Fl,/IS
equilibriun:

(4) Goates et 1.(36) 11.2
(5) rosn t '.33)
(5) Iossini et a-I.' 13.9 from older data in-

cluding (35,37)

(6) Freeman(? 9 ) 12.7

13.8 proposed value

Scalculated by Freeman (29)

33n f
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I

TAMLS 10. Thermodynamic data on selenides and tellurides of

Zn, Cd and Hg.

(zne- . S0 ,eX]

(1) This paper 39.3 19.8 Knudsen 2ndlhw

(2) Korneeva(42) 52. 7 Knudsen recal
2nd law

37.2 20. 3rd law

(3) Rossini (33)  34.

(4) Vsten and G -rs 47 14.6 transport 2nd
7 2- law proposed

value

(CdSe]

(I) This paper 32.5 23.1 Knudsen ?nd law

(2) 1iorneeva (4 ")  33.2 ?1. Knudsen recal
2nd law

(3) SomorJai (4 3 )  25.0 20.9 total preesure

(4) W~sten (4 4 )  37.5 18.4 transport

32.5 23. proposed value

(1) This paper 14.0 .ass spectro-
metric Se6/3e 2
equilibrium

(2) Rossini (33)  5. calorimetric

34
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i'I

I " ?.BLE 10. Continued

(ZnTe)

(1) This paper 24.9 23 Anusen 2_od hay.

(2) our data combined

with McAteer and
Seltz(45) 26.1 22.0 7.

(3) Korneeva(42) 24.3 22.

(4) RossLni (3 )  3C. 10. see &ls9 rel.3S

p. 22. propoe 1 value

('IdTe)

(1) our data 23.8 24. nnud en

(2) ;c;qteer 4an,3 3#.. tz' 5) "4 3.5 7..7. , ,,e :le.n

ret'. f3.

* .(3) ;rneev't ( 4  Y'.3 ?.6 rnd(3,:' 2., lu

(4) l.':entz( 4 ) )  24.P 20. preS 3,m1', "I'd aw

* 24. 23. prp v:-!ue

{)e)

~~~12. 22. " 1w

35
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ST2L 11. Heats of atomization in kcal/atom .r.

-: 1/2 (,AeX] # 1/2 Me + 1/2X

13 Se Te

Zn 73 63 52

Cd 66 57 48

1ig 47 42 37

36
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